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Abstract 
At present, the only elemental analysis technique for a Scanning Electron Microscope (SEM) is Energy Dispersive X-ray (EDX), 
and its energy resolution is typically limited between 100~150eV, nearly two orders of magnitude larger than the energy 
resolution of Electron Energy Loss Spectroscopy (EELS) in Transmission Electron Microscopes (TEMs) or Scanning 
Transmission Electron Microscopes (STEMs). This paper presents elemental identification SEM attachments, using transmitted 
and backscattered electrons. A miniaturized EELS attachment for conventional SEMs that can correct second-order spherical 
aberration is presented. A miniaturized magnetic sector backscattered electron (BSE) spectrometer SEM attachment is also 
designed and tested for a normal SEM. Experimental and Monte-Carlo simulation results of BSE spectra are compared for 
different materials.  © 2008 Elsevier B.V.
PACS: 79.20.Uv 
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1. Introduction 
When a fast electron strikes a material surface, it may experience various excitations by transferring (losing) 
energy to the material. The excited states will induce emission of the transferred energy in the form of an X-ray, a 
visible photon, auger electron, heat, etc. Spectroscopic analysis of these signals is frequently used in material micro-
analysis for elemental identification. 
Electron energy loss spectroscopy (EELS) provides a rich source of elemental and structural information of a 
sample, and was first used in micro-analysis applications in 1944 by Hillier and Baker [1]. Before 1970, the energy 
resolution of EELS analysis was limited by its spectrometer aberrations. In the 1970s and 1980s, several research 
groups proposed various ways to correct for the spectrometer’s geometrical aberrations [2-3], and the EELS 
spectrometer was more widely used to obtain compositional information. At present, accurate EELS analysis is only 
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carried out in dedicated research instruments like Transmission Electron Microscopes (TEMs) or Scanning 
Transmission Electron Microscopes (STEMs). Although elemental analysis can be done in a Scanning Electron 
Microscope (SEM) with an Energy Dispersive Spectrometer (EDS), the EDS technique has relatively low detection 
sensitivities for small atomic number elements and poor energy resolution (100~150 eV) [4]. The first part of this 
paper presents a way of obtaining compositional information inside an SEM by an EELS attachment. This approach 
uses a compact magnetic sector unit to generate the energy spectra of transmitted electrons. A new split-plate EELS 
spectrometer design will be presented, which can eliminate 2nd-order aberrations, and modify 3rd-order aberration 
coefficients.
Backscattered electrons (BSEs) are widely used for imaging and tomography purposes. The BSE yield is directly 
related to the average atomic number (Z) of the specimen, so the contrast of BSE images shows compositional 
differences [5-6]. Modern BSE detectors are capable of providing discernible image contrast between compositional 
differences to 0.1Z. Using backscattered electron spectrum to analyze the specimen composition should provide 
more information than the image contrast mode [7]. The second part of this paper presents spectral results from a 
compact magnetic sector BSE spectrometer that can function as an SEM attachment. 
2. A Second-order aberration corrected magnetic sector EELS attachment 
Magnetic sectors have the ability to disperse and focus a diverging electron probe. The focusing ability of a 
simple square shape magnetic sector is mainly limited to be first-order [8]. Since the transmission spectrometer 
dispersion is mostly in the micron-meter range, second-order spectrometer aberration correction is needed for better 
energy resolution [9]. Fig. 1a shows the geometrical layout of a first-order focusing square shape magnetic sector. 
At the focal point of this magnetic sector, the electron ray with positive input angle focuses further away than the 
electron ray with negative input angle. The different focusing position for positive and negative input electron rays 
results in a blurred beam profile at the energy filter plane, limiting the spectrometer’s energy resolution. This effect 
is of course, dominated by 2nd-order spherical aberration. Fig. 1b shows the layout of a split-plate magnetic sector, 
where Į, ȕ, and Ȗ represent different magnetic scalar potentials on the sector plates. A spectrometer with the design 
shown in Fig. 1b is simulated with a 3D finite element method program in KEOS [10-11]. Electron rays with +5 and 
-5 mrad input angles are traced from the object point. Assuming the permeability of the iron material to be infinite, 
the magnetic scalar potential of the outer box is set to be 0 and the magnetic scalar potential of the inside area is 
solved by the KEOS program. Simulation results in Fig. 2 predict that the rays with negative and positive input 
semi-angles can be focused on to the same position when Į: ȕ: Ȗ have values of around 0.8: 1.5: 2.44 respectively. 
This indicates second-order aberration can be corrected. Simulation also predicts that there is more than one set of 
second-order aberration correction plate excitation ratios. 
(a) (b) 
Fig. 1. Magnetic sector spectrometers (a) Simple first order square shape  
(b) Second-order split-plate design. Į ȕ Ȗ represent relative excitation ratios 
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Fig. 2. Simulated focal position for inner and outer rays of 5 mrad.  
Optimum convergence when the relative excitation ratio Į:ȕ:Ȗ  is around 0.8: 1.5: 2.44. 
Experimentally, aberration patterns are often used to test for spectrometer aberration properties [12]. The 
displacement at the image plane, ix' , is normally determined by a PP /'  fractional momentum change (G ), the in-
plane ( '0x ) and out-of-plane ( '0y ) input semi-angles in the form of equation (1) [2] 
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where C1~ C15 are aberration coefficients. The pure third-order aberration pattern is described by the following 
equation  
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where w is the width of the slit at the image plane. Fig. 3a shows a simulated third-order pattern containing three 
parabolas, generated for C7 and C11 having different signs. A spindle shaped third-order pattern is predicted when C7
and C11 have the same sign, as shown in Fig. 4a. A split plate spectrometer shown in Fig. 1b was manufactured and 
tested inside an XL30 field emission SEM. An experimental aberration pattern is shown in Fig. 3b for C7 and C11
having different signs, while the aberration pattern in Fig. 4b has C7 and C11 of the same sign. It can be concluded 
that one of the third-order aberration coefficients changes its sign when the excitation ratios is altered, indicating 
that it is possible to further eliminate one of the third-order coefficients. 
   
 (a) (b) 
Fig. 3. Third-order aberration patterns for coefficients of different sign (a) Simulated (b) Experimental 
T. Luo, A. Khursheed / Physics Procedia 1 (2008) 155–160 157
4 T.Luo, A.Khursheed / Physics Procedia 00 (2008) 000–000 
   
 (a) (b) 
Fig. 4. Third-order aberration patterns for coefficients of the same sign (a) Simulated (b) Experimental 
Fig. 5a shows the carbon K-edge spectrum of a test TEM amorphous carbon film (8nm thick specimen). It 
indicates that the amorphous carbon K-edge core loss lies at around 300eV. This spectrum data is consistent with the 
spectrum of amorphous carbon provided by EELS Atlas [13], which finds the carbon K-edge energy loss peak to be 
at 283.8eV, as shown in Fig. 5b. At present, the experimental energy resolution is 4 eV, limited primarily by the 
width and uniformity of the energy slot. 
   
 (a) (b) 
Fig. 5. Experimental EELS carbon K-edge spectrum on an amorphous carbon film test specimen 
(a) TEM/STEM instruments (EELS Atlas data) (b) SEM experimental Carbon K-edge electron energy loss 
3. A magnetic sector BSE spectrometer attachment 
BSEs provide elemental information of bulk and layered objects [5]. BSE yields are directly related to the 
average Z number and density. The BSE spectrum is expected to contain more compositional information than 
direct BSE image contrast [14]. A magnetic sector spectrometer attachment has been made and tested inside an 
XL30 SEM. It is placed below the normal SEM objective lens, as shown in Fig. 6. Preliminary spectral experiments 
were carried out on a test specimen containing iron and aluminum, as shown in Fig. 7. Here the incident angle of the 
primary electron beam is 45 degrees, and forward electrons emitted at 135 degrees are used for spectral 
measurements. Initial experimental backscattered spectra are compared with Monte-Carlo (MC) simulations [15], as 
shown in Fig. 7, and show good agreement. 
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The root mean square error (rms), R, is used to evaluate how close experimental results fit to MC predictions, and 
is given by 
n
SS
R miei¦  
2)(
 (3) 
where Sei represents the experimental spectrum at equally spaced energy intervals, Smi represents the predicted 
spectrum from MC simulation, and n is the number of samples in the spectrum. 
R for the comparison of experimental and simulated spectrum of nickel was calculated to be 0.001, 40 readings in 
the experimental spectrum were used. R for the comparison between the experimental spectrum of nickel and MC 
simulation of iron was calculated to be 0.006, which is 6 times larger than the R for the experimental and simulated 
spectrum of nickel. This result shows that materials close in atomic number can be distinguished by use of the 
magnetic sector BSE spectrometer attachment. 
Fig. 6. Experimental layout of a BSE spectrometer attachment inside a SEM. 
Fig. 7. Experimental backscattered electron spectra, 1: Monte-Carlo simulation of gold, 2: Monte-Carlo simulation of nickel, 2’: experimental 
spectrum of nickel, 3: MonteCcarlo simulation of iron, 4:Monte-Carlo simulation of aluminum, 4’: experimental spectrum of aluminum 
%DFNVFDWWHUHGHOHFWURQHQHUJ\
5H
OD
WL
YH
R
XW
SX
W





 

T. Luo, A. Khursheed / Physics Procedia 1 (2008) 155–160 159
6 T.Luo, A.Khursheed / Physics Procedia 00 (2008) 000–000 
4. Conclusions 
In this work, a miniaturized 2nd-order corrected EELS attachment for conventional SEMs has been presented. 
EELS low loss and K-edge core loss spectra of a very thin carbon film have been obtained inside a Philips XL30 
field emission SEM. 3rd-order aberration patterns were recorded, indicating that 2nd order aberration was eliminated. 
A BSE spectrometer attachment was also tested inside the XL30 SEM. Experimental energy spectra were found to 
be in good agreement with MC simulation predictions. Future work will focus on ways to extract more 
compositional information from BSE spectra. 
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